We have studied the interrelations of myocardial oxygen metabolism and myocardial blood flow in hemorrhagic shock. Myocardial blood flow was measured by the 133 Xe-washout method in closed-chest anesthetized dogs while the dogs were breathing either room air at ambient pressure or oxygen at high pressure. In animals with normal blood pressure, oxygen at high pressure produced a consistent decrease in myocardial blood flow from a mean of 70 ml/100 g/min to a mean of 43 ml/100 g/min, with a proportionate decrease in myocardial O 2 consumption. In animals in hemorrhagic shock, oxygen at high pressure induced no change in myocardial blood flow but increased myocardial O 2 consumption from a mean of 5.9 ml/100 g/min to a mean of 7.4 ml/100 g/min. When the animals in hemorrhagic shock breathed room air again at ambient pressure following oxygen at high pressure, the myocardial blood flow increased from a mean of 40 ml/100 g/min to a mean of 51 ml/100 g/min. The myocardial O 2 consumption did not change. We conclude that with decreasing blood pressure a baseline of myocardial blood flow may be reached, so that a further decrease no longer occurs in response to hyperoxia. However, the control of myocardial blood flow in shock is an active process responsive to complex positive control mechanisms that may be altered and studied experimentally.
• We have previously demonstrated that oxygen at high pressure prevents the subendocardial hemorrhage and necrosis associated with hemorrhagic shock in dogs (1) . As an extension of these findings, the present study deals with the response of myocardial blood flow and myocardial oxygen metabolism to vein. An endotracheal tube was packed in place, and the animal was placed on a respirator. A left thoracotomy was then performed. The anterior pericardium was incised and the left anterior descending csronary artery isolated. When hemostasis had been obtained, 500 units of heparin per kg body weight were given intravenously. Polyethylene catheters were then inserted into both femoral arteries, a femoral vein, and both common carotid arteries. The distal end of the catheter in the left common carotid artery was tied into the left anterior descending coronary artery, thereby creating a shunt from left carotid artery to left anterior descending coronary artery. The chest was closed in layers, the pneumothorax was evacuated, and the animal was taken off the respirator and allowed to breathe on its own. Through a two-way, no-resistance valve, the animal's expired air was exhausted outside the hyperbaric chamber. A columnated scintillation probe was positioned over the precordium facing the apex of the heart. Care was taken to insure that the catheter creating the shunt did not pass under the probe. The signal from the probe passed into an analog rate meter, whose output was channeled into an analog computer. The computer output was recorded on a multichannel strip chart recorder. To measure myocardial blood flow, 0.10 ml or 0.15 ml of 133 Xe (1.66 to 5.55 me/ml, Union Carbide, New York) was injected as a bolus into the catheter creating the carotidcoronary shunt and thereby directly into the left anterior descending coronary artery. The rate meter was set at a maximum scale of either 300,000 or 500,000 counts/min, with a time constant of 0.2 seconds. The computer was programmed to continuously integrate the area under the washout curve. The washout curve and the integrated area under the washout curve were simultaneously recorded. Myocardial blood flow was computed using the stochastic method proposed by Zierler (2) based on the equation discussed by Meier and Zierler (3). Partition coefficients for various hematocrits were calculated from the data of Conn (4) .
This method of calculating blood flow has certain advantages over the method of deriving a "rate constant," K, from the slope of a semilog plot of the data. When the slope is not a monoexponential, a slope for the calculation of K must be selected somewhat arbitrarily, and the assumption must be made that the initial portion and the tail of the washout curve are of equal value. In the present study we were able to obtain a sharp delta injection through the catheter. The washout curve could be followed to within 1% of baseline, and the exhaust system prevented the buildup of detectable background (Fig. 1) . Therefore, the criteria for an accurate calculation of blood flow by this method were fulfilled (2) . The accuracy of the isotope-washout method has been validated with regard to the heart (5) and to skeletal muscles (6) .
For the general case, the accuracy of a rate meter may be expressed in terms of the fractional SD which equals 100/ (2 • time constant • count rate)*, where the time constant and count rate are expressed in seconds and the fractional SD is expressed as percent (7) . In our case the fractional SD of the rate meter was 3.1% or less in all experiments, and the time constant was short enough (0.2 seconds) to detect rapid changes.
Arterial and coronary sinus blood samples were drawn into heparinized syringes for analysis of Po 2 , Pco 2 , and pH within the hyperbaric chamber as previously described (1) . Simultaneously drawn arterial and coronary sinus blood samples were placed in gas-tight, mercury-sealed Hamilton syringes, packed in ice, passed out of the chamber through an air lock, and analyzed for O 2 and CO 3 content by standard Van Slyke manometric methods. The oxygen solubility factor was determined in blood by the method of Sendroy et al. (8) .
Three groups of experiments were performed. In each group there were four sampling periods during which myocardial blood flow was measured and arterial and coronary sinus samples were drawn for blood gas and pH analysis ( Table  1 ). The time interval between sampling periods was the same for all groups. The three groups were:
Group 1.-These animals were subjected to shock and breathed oxygen at high pressure. Number of animals = 11.
-

TIME(min)
FIGURE 1
Photograph of a typical 13S Xe-washout curve. Note . the rapid return to baseline, the lack of a prolonged tail, the absence of a recirculation bump, and the sharp injection peak. 
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Group 2.-These animals were subjected to shock but did not receive oxygen at high pressure. Number of animals = 6.
Group 3.-These animals breathed oxygen at high pressure but were not subjected to shock. Number of animals = 5.
The animals in group 1 were handled as follows: a bleeding bottle was attached to one of the femoral artery catheters and a saline manometer was attached to the other femoral artery catheter. The first blood flow measurement was made, and arterial and coronary sinus blood samples were drawn. The animals were then bled into the bottle at a rate adjusted so as to attain a mean arterial pressure of 58 mm Hg within 30 minutes. The bleeding bottle was set at the height necessary to maintain this pressure. Fifteen minutes after the desired pressure level had been reached, the second set of blood samples was drawn and the second measurement of blood flow made. The animals were then given 100% oxygen to breathe, and the hyperbaric chamber was rapidly pressurized over a 5-minute period to 39 lb/in 2 gauge. Five minutes after reaching this pressure, the third blood flow measurement was made, and the third set of blood samples were drawn. The animals then breathed room air again, and the chamber was decompressed. Upon completing decompression, which took 10 minutes, the fourth measurement of blood flow was made and arterial and coronary sinus blood samples were drawn.
The shock level of 58 mm Hg mean arterial pressure was chosen on the basis of preliminary studies which indicated that this was the lowest mean arterial pressure at which a stable animal Mean arterial blood pressure (mm Hg) Heart rate (beats/min) Myocardial blood flow (ml/100 g/min) Arterial O2 content (ml/100 ml) Coronary sinus O 2 content (ml/100 ml) Arterial -coronary sinus O 2 difference (ml/100 ml) Myocardial O 2 extraction coeff. (%) Myocardial V02
(ml/100 g/min) Arterial P02 (mm Hg) Arterial CO2 content (ml/100 ml) Coronary sinus CO2 content (ml/100 ml) Arterial Pco2 1.4 ± 0.2 P < 0.01 P < 0.02 11.2 ± 1.1 14.2 ± 2.6 0.1 > P > 0.05 P < 0.01 70.7 ± 0.3 90.7 ± 1.3 P < 0.01 P < 0.02 9.7 ± 2.3 5.9 ± 1.9 P < 0.05 P < 0.01 68. 8 ± 17.6 70.2 ± 19.7 NS P < 0.001 42.5 ± 5.7
24.5 ± 4.4 P < 0.001 P < 0.001 52.0 ± 6.7
36.3 ± 6.6 P < 0.01 NS 41.9 ± 8.8
27.3 ± 6.9 P < 0.001 P < 0.05 7.34 ± 0. Sampling periods 2, 3, and 4 were 45, 65 to 70, and 85 to 95 minutes, respectively, after sampling period 1. Means ±SD are given, NS = mean difference between groups considered to be not significant with P > 0.1. Student's i-test was used to obtain the P values. V02 = oxygen consumption/min.
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preparation could be maintained for the entire duration of the experiment. In previous work in which the shock mean arterial pressure was maintained at 45 mm Hg, the animals had not been subjected to the initial trauma of thoracotom y ( l ) .
The animals in group 2 were handled in exactly the same manner with the exception that they continued to breathe room air at ambient pressure throughout the experiment. The animals in group 3 were also handled in an identical manner with the exception that they were not bled. The sampling periods are summarized in the tables.
In an additional four dogs, phasic arterial pressures were continuously recorded from the root of the aorta and from near the end of the catheter creating the carotid-coronary shunt. The systolic and diastolic pressures were identical in the control period and declined in parallel during bleeding, remaining identical throughout the period of shock.
Following the last measurements, all of the animals were killed by injecting pentobarbital intravenously. The correct position of the coronary sinus catheter was verified. The heart and other organs were examined. Sections of heart were stained for succinic dehydrogenase activity, with hematoxylin and eosin, and with phosphotungstic acid hematoxylin. The pathologic changes were the same as those previously described, myocardial zonal lesions being present in all of the animals subjected to shock (1, 9).
Results
GROUP 1
Results from these animals are given in Table 1 . When hemorrhagic shock (sampling period 2) was induced in these animals, the expected (10) reduction in myocardial blood flow, coronary sinus oxygen content, and myocardial oxygen consumption occurred, with an increase in the myocardial oxygen extraction coefficient (arteriovenous difference in oxygen concentration divided by the concentration of oxygen in arterial blood). With the administration of oxygen at high pressure (sampling period 3), myocardial blood flow did not change. The arterial Po 2 and arterial oxygen content increased significantly (P < 0.001) as did the coronary sinus oxygen content (P<0.02). The latter value increased almost to preshock levels. The arterial increase was greater than the coronary sinus increase, resulting in an increase (P < 0.01) in the arterial -coronary sinus oxygen difference, a decreased oxygen extraction coefficient (P<0.02), and an increased myocardial oxygen consumption (P < 0.01). When the animals were taken off oxygen at high pressure and returned to breathing room air at ambient pressure (sampling period 4), the arterial oxygen content, the coronary sinus oxygen content, the arterial -coronary sinus oxygen difference, and the myocardial oxygen extraction coefficient all returned to essentially the values obtained during shock before the oxygen at high pressure was administered. The myocardial blood flow consistently increased (P<0.02) when the animals again breathed room air (period 4), and this increase was sufficient to prevent a decrease in the myocardial oxygen consumption.
Arterial and coronary sinus CO 2 content declined with the induction of shock and continued to decline throughout the experiment. This was to be expected as part of the compensatory mechanism related to the metabolic acidosis of shock (10). The arterial Pco 2 also declined with the onset of shock, but rose significantly (P < 0.05) when the animals breathed oxygen at high pressure and declined (P < 0.01) when they were returned to room air. A similar elevation in arterial PCO2 was noted in group 3 when these animals were given oxygen at high pressure. This change probably reflects the decreased ability of hemoglobin to transport CO 2 when the hemoglobin is 100% saturated with oxygen. The changes in arterial pH in these animals seem to reflect this phenomenon, as the calculated blood bicarbonate did not change with oxygen at high pressure.
GROUP 2
Results from these animals are given in Table 2 . With the induction of shock, these animals experienced the same alteration in hemodynamic values and blood gases as did the animals in group 1. There were no further significant changes in oxygen values throughout the remainder of the experiment with the exception of a slight decline in coronary sinus oxygen content in the fourth and last sampling period. Changes in myocardial blood flow between sampling periods 2 and 3 and Sampling periods 2, 3, and 4 were 45, 65 to 70, and 85 to 95 minutes, respectively, after sampling period 1. Means ±SD are given, NS = mean difference between groups considered to be not significant with P > 0.1. Student's (-test was used to obtain the P values. V02 = oxygen consumption/min. * The mean difference between these two results was not significant. between sampling periods 3 and 4 were essentially random from one individual dog to the next. Between periods 3 and 4 myocardial blood flow increased in three dogs and decreased in three dogs. The magnitude of change observed in two of the dogs with increased flow was greater than that of the other control animals, resulting in an increase in the mean myocardial blood flow over this time period. As a result of the variation from animal to animal, this change was not statistically significant when evaluated with the paired t-test, with P > 0.2. The changes in myocardial blood flow in group 1 were in marked contrast to this; while group 1 exhibited a similar variation in the direction of This change was significant, with P < 0.02. As an additional test, groups 1 and 2 were directly compared with regard to the direction of change of myocardial blood flow between sampling periods using the chi-square test in 2 x 2 format with Yates' correction factor. From sampling period 2 to 3, the two groups were not significantly different (P<0.7), while from sampling period 3 to 4 the two groups were significantly different (P<0.05). Therefore, two independent statistical tests indicate that the myocardial blood flow of 
Results from Dogs Breathing Oxygen at High Pressure (Croup 3)
Mean arterial blood pressure (mm Hg)
Heart rate (beats/min)
Myocardial blood flow (ml/100 g/min)
Arterial O2 content (ml/100 ml)
Coronary sinus O2 content (ml/100 ml)
Arterial -coronary sinus 0 2 difference (ml/100 ml) Sampling periods 2, 3, and 4 were 45, Go to 70, and 85 to 95 minutes, respectively, after sampling period 1. Means ± S D are given, NS = mean difference between groups considered to be not significant with P > 0.1. Student's i-test was used to obtain the P values. V02 = oxygen consumption/min. group 1 did not significantly differ from that of group 2 between sampling periods 2 and 3 (administration of oxygen at high pressure). These same tests demonstrate a significant probability that the increase in myocardial blood flow between sampling periods 3 and 4 (return to room air) of group 1 represents a real difference from group 2.
GROUP 3
Results from these animals are given in Table 3 . There were no significant changes in any of the mean values between the first and second sampling periods. When the animals breathed oxygen at high pressure (sampling period 3), the myocardial blood flow decreased in all animals (P<0.02). The arterial oxygen content and the coronary sinus oxygen content increased significantly (P < 0.01), and the increases were of similar magnitude. The arterial -coronary sinus oxygen difference was essentially unchanged, while the myocardial oxygen extraction coefficient fell significantly (P <0.01). With the unchanging arterial -coronary sinus oxygen difference, myocardial oxygen utilization decreased in proportion to the decreased myocardial bood flow. The mean arterial blood pressure and the heart rate decreased slightly, but these changes were not statistically significant. When the animals were returned to breathing room air at ambient pressure (sampling
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period 4), all values returned to the levels obtained before oxygen at high pressure was administered.
The inverse relation between arterial oxygen content and myocardial blood flow was striking. When the absolute values of myocardial blood flow and arterial oxygen content were correlated, the correlation coefficient was -0.5852 with P<0.01. When the percent changes from control (sampling period 1) of arterial oxygen content and myocardial blood flow were correlated, the correlation coefficient was -0.8110, with P < 0.001.
Discussion
The regulation of myocardial blood flow in the normal animal is a complex interaction of neural, humoral, metabolic, and hemodynamic factors (11) . In spite of this complexity, it has become clear that the oxygen supply to the heart is a primary controlling factor, both in the hypoxic (12) (13) (14) and the hyperoxic (15) (16) (17) range. The present studies confirm these generally well accepted observations for the normal animal. The concept that increased arterial oxygen may directly increase coronary resistance, perhaps by a direct vasoconstrictor effect (15, 16) , and therefore decrease myocardial blood flow is in good agreement with our data. The fact that myocardial oxygen consumption in group 3 is also markedly decreased with oxygen at high pressure is probably explained by the demonstration that oxygen at high pressure reduces cardiac output in the normal animal and therefore probably reduces the myocardial need for oxygen (18) .
It is apparent that in the animals in hemorrhagic shock, the reciprocal relationship between oxygen supply and myocardial blood flow was not entirely operative. When these animals were given oxygen at high pressure, the myocardial oxygen consumption rose, the coefficient of oxygen extraction decreased, and the coronary sinus oxygen content rose to nearly the preshock level (Table 1) . Since the maximum percent extraction of oxygen was not being effected by the myocardium, the oxygen supply was probably adequate; but the myocardial blood flow did not decrease in response to the increased arterial oxygen content or to the twenty-five fold increase in arterial Po 2 . At this point the mean myocardial blood flow was 40 ml/100 g/min. This is the identical value obtained in the group 2 animals 15 minutes after bleeding was complete (Table 2) and is not significantly different from the 43 ml/100 g/min recorded in the animals in group 3 when they were breathing oxygen at high pressure (Table 3 ). Other investigators have also shown baseline values for blood flow under various conditions. For example, in studies of the effects of hyperoxygenated solutions on blood flow through the limb of a dog, the magnitude of the decrease in flow with increasing oxygen became progressively less as the absolute flow became lower (16) . Additional confirmation is found in the work of Scott (19) , who studied coronary blood flow and arterial oxygen content. Inspection of Table 1 of his paper indicates that above an arterial oxygen content of 21 ml/100 ml the coronary blood flow had reached a minimum and did not decrease further despite increasing increments of arterial oxygen up to 29 ml/100 ml.
A baseline of myocardial blood flow seems to have been reached in our experiments, below which myocardial blood flow was no longer responsive to increasing oxygen supply. Whether this is an absolute end-point for the coronary vasculature, or whether other controlling factors, such as vasodilator metabolites, simply override the hyperoxic stimulus we cannot say.
The response of myocardial blood flow in group 1 to the return to breathing room air at ambient pressure is more difficult to explain. It is not clear why the change from oxygen at high pressure to room air should induce a consistent rise in myocardial blood flow, nor why this increase should be of sufficient magnitude to maintain the increased myocardial oxygen consumption established while the animals were breathing oxygen at high pressure. This change certainly demonstrates that the myocardial vessels are not maximally dilated initially in shock. If the oxygen supply to the myocardium is relatively inadequate in shock, as implied by the oxygen extraction and utilization data, it seems pertinent to wonder why this does not result in maximum coronary vasodilatation. It is possible that a mechanism is operating early in shock which overrides the usually predominant factor of oxygen need. We cannot offer a satisfactory explanation for this phenomenon on the basis of the present experimental data, but it is conceivable that during shock there is an increased sensitivity of the coronary vessels to alpha sympathetic stimulation. This is consistent with the observation that the initial response of the coronary circulation to sympathetic stimulation and to epinephrine administration is vasoconstriction (20) . As coronary sinus Poo declines with time, coronary vasoconstriction changes to vasodilatation, presumably secondary to the buildup of vasodilator metabolites (20) . This course of events is comparable to that seen in shock, where there is early sympathetic hyperactivity, and, with more prolonged shock, a gradual increase in myocardial blood flow (21) .
The increase in myocardial blood flow during shock after breathing oxygen at high pressure suggests that oxygen at high pressure may have altered the control mechanism and made the coronary circulation more responsive to the oxygen needs of the myocardium. Oxygen at high pressure results in an increase in the ratio ATP/ADP, with a reduction in AMP, in a variety of tissues (22) . If oxygen at high pressure had this effect on the heart in shock, the result could be an increase in ATP in the myocardium. This might augment the ability of the heart to produce adenosine in response to a given hypoxic stimulus. Adenosine is a potent coronary vasodilator which appears in coronary sinus blood following myocardial hypoxia as brief as 30 seconds (23) . Enhanced adenosine release could explain the increase in myocardial blood flow which we observed when the animals in group 1 were returned to room air after breathing oxygen at high pressure.
Thus, hyperoxia has a definite effect on the myocardial blood flow of the dog in hemorrhagic shock. This effect is distinctly different from the effects of hyperoxia on the myocardial blood flow of normal dogs. Our results, and the results of others, suggest that a baseline myocardial blood flow may be reached beyond which the coronary vasculature is no longer responsive to hyperoxia. However, myocardial blood flow in shock does not appear to be an example of a passive, maximally dilated vascular tree; rather, the control of myocardial blood flow in shock is an active process responsive to complex positive control mechanisms which may be altered and studied experimentally.
